The dynamics of a protein plays an important role in protein functionality. Here, we examine the differences in the dynamics of a minimally restructuring protein, EcoRI, when it is bound to its cognate DNA and to a noncognate sequence which differs by just a single basepair. Molecular dynamics simulations of the complexes and essential dynamics analyses reveal that the overall dynamics of the protein subunits change from a coordinated motion in the cognate complex to a scrambled motion in the noncognate complex. This dynamical difference extends to the protein-DNA interface where EcoRI tries to constrict the DNA in the cognate complex. In the noncognate complex, absence of the constricting motion of interfacial residues, overall change in backbone dynamics and structural relaxation of the arms enfolding the DNA leave the DNA less-kinked relative to the situation in the cognate complex, thus indicating that the protein is poised for linear diffusion along the DNA rather than for catalytic action. In a larger context, the results imply that the DNA sequences dictate protein dynamics and that when a protein chances upon the recognition sequence some of the key domains of the protein undergo dynamical changes that prepare the protein for eventual catalytic action.
Introduction
The interactions of proteins with DNA sequences have profound effects in many biological processes, including gene expression and its regulation, recombination of DNA, etc. A number of investigators have tried to understand the alterations in thermodynamic properties of DNA base pairs in protein-DNA recognition (1) ; molecular dynamics and Monte Carlo calculations have been reported to explore the protein binding to single-stranded DNA (2) and double-stranded DNA (3) (4) (5) as well as to investigate the water interaction in an homeodomain-DNA complex (6) . These interactions can be either specific, e.g., the protein binding to a specific DNA sequence (as in the case of restriction endonucleases), or non-specific, e.g., the protein binding to a class of DNA sequences (as in the case of DNA polymerases). The issue, however, is how a particular protein can achieve such a high degree of selectivity among several DNA sites that are similar in their overall structure and chemical composition. Restriction endonucleases serve as a very good candidate for the study of protein-DNA interactions as they are known for highest degree of sequence selectivity (7) (8) (9) . The restriction endonucleases are classified into three main types (I, II and III) based on their subunit composition, cofactor requirements and the mode of action. Of these three classes, Type II enzymes are the most widely studied because they are the most important in genetic analysis and cloning. Moreover, Type II restriction endonucleases cleave very short lengths of DNA (~4 to 6 bp) (10) within or very close to the recognition site, and this makes
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Several studies, primarily on restriction endonucleases, have elucidated various mechanisms in protein-DNA recognition. These mechanisms are broadly classified as either "direct" or "indirect" readout. Direct readout involves specific interactions between the protein and the DNA (11-15), whereas indirect readout refers to factors other than the direct contacts between the protein and the DNA and includes DNA structure and its deformability, etc. (16-25) , which govern the protein-DNA interaction.
Effect of Protein Dynamics
While significant effort has been invested in investigating the necessary and crucial contacts between the protein and the DNA and the residues involved in binding and catalysis, the differences in DNA deformability, etc., independent studies have also showed the importance of dynamics of a protein for its function. For example, Eisenmesser et al. (26) showed, using NMR relaxation technique, that the rate of structural rearrangements of specific protein residues of cyclophilin A involved in the catalysis of the substrate is intimately connected to the microscopic rates of substrate turnover. Wang et al. (27) showed that the dynamics of the residues adjacent to the active site of the binase ribonuclease are extremely flexible and facilitate access to the substrate by structural rearrangements of these residues, thus indicating that the dynamics of the protein is crucial in binding events. Recently, Su et al. (28) showed that protein unfolding motions are significantly influenced by structure-encoded dynamical properties. Martinez et al. (29) showed that aminoacid substitutions in the psychrophilic protease subtilisin S41 lead to a change in the principal fluxional modes allowing the protein to explore a different subset of conformations. In the specific context of protein-DNA interactions, Kalodimos et al. (30) observed from NMR experiments that the conformational substates of the free lac DNA Binding Domain (DBD) redistribute upon binding to the cognate sequence but not when binding to noncognate sequences. They attributed the difference in the redistribution of the conformational substates to a change in the dynamics of the lac DBD upon binding to the cognate DNA sequence. Cave et al. (31) observed that the backbone dynamics of the basic/helixloop-helix domain of the Pho4 protein from Saccharomyces cerevisiae shows large differences upon binding of the protein to the DNA. In addition, they noted that the overall backbone dynamics of the protein remains similar regardless of whether the complexation is with the cognate sequence or the noncognate sequence. However, two of the protein residues do show different backbone flexibility depending on whether the protein is bound to the cognate sequence or the noncognate sequence, suggesting possible role of dynamics in sequence discrimination. Recently, Brown et al. (32) showed using NMR experiments that flexibility of the DNA binding domain of the human papillomavirus E2 protein is essential for the recognition of its target site. Doruker et al. (33) , based on the elastic network model of EcoRI, studied the collective dynamics of EcoRI. Uyar et al. (34) , based on computational analysis, suggested that the dynamics of the b-strands around the DNA binding region in restriction endonucleases may have a role for target site recognition and cleavage. The dynamics of intrinsically disordered segments of proteins in DNA recognition has also been discussed (35, 36) .
Focus of the Present Study
From the studies described above, one may infer that the dynamics of the protein is important for its function and that the differences in the dynamics can lead to sequence discrimination in the case of protein-DNA interactions. Although there are a number of studies of protein dynamics when the proteins are present alone (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) (48) (49) (50) EcoRI, a type II restriction endonuclease, binds to the DNA and catalyzes it at GAATTC. According to Lesser et al. (53) , the next preferred sequence in the order of catalysis is TAATTC, followed by AAATTC and CAATTC. Lesser et al. (53) attribute the observed order of catalysis to the changes in the number of hydrogen bonds and appositional interactions with different substitutions. That is, there is a loss of one hydrogen bond when G in the recognition site, which has two hydrogen bonds with the protein, is replaced by T, whereas, the replacement of G with A leads to a loss of one hydrogen bond along with appositional interactions in the donor atoms of the protein. Replacement with C, on the other hand, results in the loss of both the hydrogen bonds along with appositional interactions in the donor atoms (see Figure 4 in (53)). Thus, one can see that replacement of G with T represents the least perturbation to the protein-DNA complex, that is, a loss of just one hydrogen bond. In the present paper, we ask how the dynamics of the protein would differ in such a case, i.e., when the protein shows minimal structural rearrangements and the perturbation in its substrate is the least.
In what follows, we first describe the methodologies used in this study, including setting up the system for computations, parameters used in molecular dynamics (MD) simulations, and methods of analysis of structure and dynamics. A brief discussion of the temporal variations of root mean squared displacements (RMSD) of all the atoms and the root mean squared fluctuations (RMSF) of individuals residues then follows to assess the approach to equilibrium structures and any differences in residue-level fluctuations in the structures. We then present detailed discussions of the Essential Dynamics (ED) analysis of the whole protein and some specific regions of the protein and the implications of the structural and dynamical differences between the complexes to binding and to recognition. We conclude with some remarks based on our observations.
Methods

System Setup and MD Simulations
The initial configurations of the protein-DNA complex were obtained from the crystallographic coordinates of 2.5 Å resolution crystal of the EcoRI-DNA complex (PDB entry 1ERI) with the DNA sequence d(CGCGAATTCGCG) 2 (54, 55) .
Residues of Subunit I of the protein were numbered 1-261 and the residues of Subunit II of the protein were numbered 274-534. The cognate complex contains the EcoRI recognition sequence GAATTC, while the noncognate complex corresponds to the DNA with TAATTC. We performed the mutation at the first basepair of the recognition sequence of the DNA using Swiss PDB viewer (56). The recognition site is divided into two half-sites, with the first half containing the sequence in the cognate and the noncognate complexes. All simulations were carried out using the molecular dynamics software package GROMACS 4.0.7 (57). Molecular interactions were represented by the parmbsc0 force field (58) for the DNA and the Amber03 force field for the protein (59), and for water the TIP3P water model (60) was used. The complex was first energy-minimized by the steepest-descent method for 1000 steps and then solvated in a 10 3 10 3 10 nm 3 cubic box. After solvation, the system was again energyminimized using the steepest descent method for 1000 steps. The total charge of the system was 224 units and hence 24 Na 1 counter-ions were added to make the system electrically neutral. The ion parameters of Na 1 were used based on the results of Joung and Cheatham (61) . We computationally added the Mg 21 ion close to the catalytic site of the DNA sequence by replacing one of the water molecules. Energy minimization was done and the system was allowed to be equilibrated for 10 ns to ensure the proper positioning of the magnesium ion. Hexa-coordination of Mg 21 ions, as reported by Kurpiewski et al. (62) , was also verified. Energy minimization was again performed prior to MD simulations. Two independent simulations were performed for each of the cognate and the noncognate complexes. Each simulation was done for 50 ns. Periodic boundary conditions were employed. The van der Waals and short-range electrostatic interactions were estimated within a 10 Å cutoff, whereas the long-range electrostatic interactions were assessed using the Particle Mesh Ewald (PME) method (63) . Bonds involving hydrogen were constrained using the SHAKE algorithm (64). The total size of the system was about ~100,000 atoms. All the simulations were run in the NPT ensemble. The temperature was kept constant at T 5 300 K and a pressure of 1 bar.
Analysis of Structural Changes
Structural changes in the protein and DNA were monitored through the root meansquared deviations of positions of the atoms. In particular, we monitored the root mean-squared displacements of all atoms in the two protein chains and the DNA with respect to their positions in the initial, energy-minimized solvated structure and refer to these as RMSD, as commonly done. The RMSDs are examined as a function of time for the cognate and the noncognate complexes. The root mean squared displacements for each protein residue using its constituent atoms are denoted as Root Mean Squared Fluctuations (RMSF) and are also examined to see if significant residue-level variations exist between the cognate and the noncognate complexes. The RMSFs are calculated relative to the equilibrium structure, which was taken to be the structure at the end of the equilibration time of the simulation (see the Discussion section below).
Essential Dynamics (ED) Analysis on the Protein
The ED analysis, also known as Principal Component (PC) analysis, separates the essential or the concerted motions from the non-concerted or the local fluctuations. The concerted motions are defined as the motions of a large number of atoms that induce global structural changes in the protein (65). The ED analysis is a two step process, in which the first step is the fitting of atoms' trajectories to a reference frame so as to filter the translational and rotational motions and to extract only the concerted motions. The second step is the construction of the 3N 3 3N covariance matrix (C) defined as
The covariance matrix represents the positional deviations of the atoms over the trajectory. The covariance matrix is then diagonalized (see Eq. 2) by an orthonormal transformation such that;
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EcoRI Dynamics Upon Basepair Mutation 2] where N represents the dimensions of the coordinate vector, x i is the position of an atom "i" along a particular axis, represents the time-average of the property under investigation, and T is the transformation matrix. The elements of the i th -column in T are the eigenvectors corresponding the eigenvalues, l i . The displacements are represented by the eigenvalues, and the direction is represented by the associated eigenvector. The greatest variance of the fluctuations occurs along the first eigenvector, with monotonically decreasing variance occurring along successive eigenvectors.
Porcupine Plots
Porcupine plots illustrate the motion of the residues along a particular principal component and were generated using the Dynatraj software (66) . The porcupine plots generated by the software from the trajectories from the simulations were then visualized and analyzed using VMD (67).
Description of DNA Structure
The structure of the DNA is described using the twelve helicoidal parameters. They are calculated using the software 3DNA (68, 69). The helicoidal parameters are calculated for the six basepairs of the recognition sequence, i.e. GAATTC for the cognate complex and TAATTC for the noncognate complex. We define the first basepair of the recognition sequence as GC3 in the cognate complex and TA3 in the noncognate complex, the second basepair as AT4, the inner adenine as AT5, the fourth basepair as TA6, the fifth basepair as TA7 and the sixth basepair as CG8.
Results and Discussion
Choice of Regions of the Protein for Examination
In addition to examining the entire protein for discernible changes in dynamics between the cognate and the noncognate complexes, we select six specific regions of the protein (i.e., six sets of residues) for closer look. These regions are selected based on information available in the literature on their potential roles in the protein's function as a catalyst as described below and are indicated in Figure 1. (a) "Catalysis Region I" -Residues Asp75-Lys97 (Region R1): Specific residues in the region Asp75-Lys97 are known to coordinate hexavalently with the Mg 2+ ion, and the whole region is known to be critical for the catalytic action (Kurpiewski et al. (70) ).
(b) "Crosstalk Region" (Region R2): It has been noted by Kurpiewski et al. (70) that four residues in the protein are involved in a "cross-talk" between the protein chains and provide mechanical strength to the reaction centers. These residues are Glu128 and Arg129 in each of the subunits. Glu128 of Subunit I is hydrogen-bonded with Arg129 of Subunit II of the protein, and similarly the Glu128 of Subunit II is coupled with Arg129 of Subunit I by a hydrogen bond. Hence, we choose the regions containing five amino acids on either side of Glu128 and Arg129 and look for a possible difference in the dynamics. Hereafter, we define this region as the "crosstalk region". The residues that lie in the crosstalk region are Ala123-Ile134 in each of the subunits of the protein.
(c) "Catalysis Region II" -Region Asp348-Lys370 (Region R3): This region, in Subunit II, is the complement of Region R1 in Subunit I (i.e., Asp75-Lys97, which are involved in the catalysis of the first half-site) and is involved in the catalysis of the second half-site.
(d) "Protein/DNA Interface Region" -Region within 3.5 Å of Point of Substitution (Region R4):
It is also instructive to follow the dynamics of regions close to the point of substitution. A distance criterion of 3.5 Å in the equilibrium structure was used for defining residues as "close" to the point of substitution. The residues in this region are Ile72, Lys73, Asp75, Lys97, Arg129, Lys132, Asn133, and Asn398.
(e) "Enfolding Arms" (Regions R5 and R6): Extending from the globular region of EcoRI are two arms that roughly encircle the DNA. These arms are thought to be essential for DNA binding through non-specific ionic contacts with the DNA phosphate (71). It has been suggested in the literature that cleavage of the DNA requires the coordinated action of the arm of one subunit and the globular region of the other subunit (71). We define the residues Asp102-Ala122 that constitute the arm of Subunit I as Region R5 and the residues Asp375-Ala395 that constitute the arm of Subunit II as Region R6.
Examination of Residue Fluctuations Resulting from Substitution
We use the all-atom RMSD of the protein (calculated relative to the starting structure) as a measure of the structural changes in the complexes as the simulation progresses. The RMSD results show that the structural fluctuations of the protein-DNA complexes with respect to the initial structure stabilize beyond about 20 ns (see Figure S1 in Supplementary Information) and that the RMSDs remain statistically the same beyond 20 ns. Although, in the strictest sense, this does not mean that the structures have "stabilized" after 20 ns, it does indicate that the structures beyond 20 ns are sufficiently independent of the initial structure. All subsequent analyses were done on the trajectories beyond 20 ns, and the structure at this timeframe (20 th ns) was chosen as the representative "equilibrium" structure. Our results on the RMSFs (see Figure S2 in Supplementary Information) show that the variations in residue-level fluctuations between the cognate and noncognate complexes are statistically indistinguishable, thereby indicating that the single, minimal mutation introduced in the DNA does not exert a strong enough influence consists of a few unconnected residues. The residues forming Region R4 are shown in Figure 3C .
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on the fluctuations in the residues. This is perhaps not surprising since EcoRI is known to display minimal restructuring on binding to the DNA, although, as we show later, the mutation does affect the grip of the protein on the DNA. The lack of differences in residue-level fluctuations does not, however, imply that the dynamics of the protein remains unaffected. We shall see in the following section that the concerted motions of the protein, at the backbone level, do show interesting differences, including at the protein/DNA interface region (Region R4), for which no noticeable variations are observed at the residue level.
Altered Dynamics of the Protein
As the RMSF values represent the fluctuations of each residue taken in isolation, we use ED analyses for the regions identified above and for the whole protein to examine concerted, collective motions. The ED analysis (i.e., PC analysis) essentially serves as a filtering tool, so that molecular motions can be better appreciated. The concerted motions are characterized by the eigenvalues and the eigenvectors of the positional covariance matrix C in Equation (1) for the first principal component are shown, for brevity. In the case of the full protein, the first PC contributes about 25% to the motion in the case of the cognate complex, and the first four PCs account for a total of 55% of the motion. In the case of the noncognate complex, the first PC contributes about 20% and the first four collectively contribute about half of the total. The details are given in the Supplementary Information (Figures S3 and S4 ). The general direction and characteristics of the motion in both cases do not change significantly when all the four PCs are combined, and therefore the dynamics that emerges from the first PC sufficiently captures the discussions below. (In the case of Region R4, the first PC contributes 40% to the overall motion, with the first four PCs accounting for about 70% of the motion, in the case of the cognate complex. In the other complex, the first PC contributes 25%, with the first four contributing about two-thirds.) The details on the convergence and sampling of the essential subspace, evaluated from the inner products of the eigenvectors, are given in the Supplementary Information (see Supplementary Table ST1 ). Also, shown in Figure S7 is a typical plot of the inner product matrix of the cognate and the noncognate complex in the essential subspace which indicates that the direction of the PCs in each of the complex is different.
It is evident from Figures 2A and 2B that the dynamics of the whole protein is altered in the noncognate complex as a result of the substitution in the DNA. Figure 2A shows that when bound to the recognition sequence the body of the protein on top of the DNA shows a coordinated twisting-type motion in both subunits, perhaps indicative of pre-catalytic posture. Further, the arm and the body of the protein twist in opposite directions in each subunit. On the other hand, even the minimal showing the motion of the residues in Region R4 along the first principal component for the cognate complex (A) and for the noncognate complex (B) . Note: The porcupine plots generated by the software show the amino acids as a string (http://s12-ap550.bioch.ox.ac.uk:8078/dynamite_html/collect_xtc_ data_v1.5.html). However, the residues straddle the point of substitution (in pink) as shown in stereo view in (C) , and are not actually connected to each other. The residues in (C) are color-coded to match the colors used in the porcupine plots. The stereo view taken is from the cognate complex.
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disturbance in the DNA caused by the substitution appears sufficient to initiate a scrambling of the coordinated action in the body of the protein (although some remnants of the coordination are discernible on close inspection). (See Figure S8 for the porcupine plots along with the DNA.) We shall return to this observation and to a discussion of Region R4 ( Figures 3A & 3B) later after an examination of the enfolding arms of the protein.
Structural Relaxation of the Arms in the Noncognate Complex
Although EcoRI restructures itself minimally when binding to a DNA, we observe that the arms of EcoRI show a significant structural relaxation when the protein is bound to a noncognate sequence (see Figure 4 ). An examination of the distances between the arms (defined, for convenience, as the distance between the centers of mass of each of the arms) shows that once the structure has relaxed the distance remains statistically constant with an average distance of 3.93 6 0.07 nm in the noncognate complex while the corresponding average distance is 3.62 6 0.02 nm in the cognate complex (see Figure 4 for a plot of the inter-arm distance as a function of time), for the timescale of analysis reported here. The arms of EcoRI have been proposed, based on N-terminal deletion studies, to be essential for DNA binding and ensuring that the DNA is held in the appropriate configuration (71). Our results reveal that when there is even a minimal change in the basepair the arms undergo structural and dynamic changes. More specifically, the arms relax and move away from the DNA, indicating that the DNA is no longer tightly bound. Later we show that this structural relaxation of the arms results in a less-kinked DNA.
Altered Dynamics at the Protein/DNA Interface
Although residue-level fluctuations in the various regions identified as functionally important or interesting regions of the protein remain statistically the same, as discussed earlier, variations in the essential dynamics are seen in some of the regions. The details are given in Supplementary Information ( Figure S5 ), but we shall focus here on the protein/DNA interfacial region, namely, Region R4, consisting of residues Ile72, Lys73, Asp75, Lys97, Arg129, Lys132, Asn133, and Asn398. As mentioned earlier, the porcupine plots for this region for the cognate and the noncognate complexes are presented in Figures 3A & 3B , respectively. Figure 3A shows that the dominant motion of the residues in this region, which straddle the site of substitution, in the cognate complex constrains and constricts the catalytic region of the DNA, but this coordinated motion is disrupted by the substitution, in the noncognate complex. In fact, an examination of the inner products of the eight residues in this region, with the inner products taken between the first principal vector of a C a atom in the cognate complex with that of its counterpart in the noncognate complex, shows that the motion in the noncognate complex is roughly orthogonal to the one in the cognate complex (see Figure 5 ), indicating that the motion of the C a atoms in the noncognate complex are almost tangential to the DNA. In fact, not only do the interfacial residues in Region R4 show this rough orthogonality of motions between the cognate complex and the noncognate complex, but also all the residues over the entire recognition site show the same behavior (see Figure 5 ). These results show that the loosening of the enfolding arms and the attendant changes in the overall dynamics of the subunits extend to the interfacial region and further contribute to the loosening of the protein's grip on DNA even with the minimal disruption in the recognition sequence.
Effect of Changes in Binding on the Structure of the DNA
The above observations on the loosening of the enfolding arms and the interfacial dynamics are further confirmed by the differences in the structures of the DNA between the two complexes. The conformation of a DNA sequence can be effectively described by the basepair parameters (translational: shear, stretch, stagger; rotational: buckle, propeller, opening) and the basepair step parameters (translational: shift, slide, rise; rotational: tilt, roll, twist). We present in Figures 
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the recognition site, with and without substitution, shows that the parameters in the noncognate complex are significantly different from those in the cognate complex and are, in fact, closer to those of the free DNA. In particular, one notes that AT5 and TA6, the central kinked basepairs in the cognate complex, show noticeable structural relaxations in the noncognate complex. This reduced kinking of the DNA in the noncognate complex and the fact that the overall conformation is closer to that of a free DNA (than to the one in the cognate complex) further confirm that the protein has loosened its grip on the DNA considerably even with minimal disturbance to the recognition sequence.
Implications to Recognition
EcoRI has been the subject of several biochemical and biophysical studies because of interest in delineating the underlying principles of protein-DNA interactions and recognition, and previous studies have identified the residues that are important for DNA binding and/or catalysis. Our present work focusing on the dynamics of the protein residues shows that the substitution of the basepairs of the DNA alters the dynamics of the residues in some of the identified regions and that the dynamics of the whole protein shows marked differences when the protein is bound to the noncognate sequence. The results show that even a minimally disrupting, single basepair substitution causes a more "open" protein structure (as revealed by the arms), scrambles a relatively coordinated dynamics in the body of the subunits, makes the DNA less kinked, and loosens the protein's grip on the DNA. Many of the hydrogen bonds between the protein and the DNA do remain intact upon substituting a single basepair. Nevertheless, it appears that the enzyme, though attached to the DNA, is dynamically and structurally different from that in the cognate complex, and is poised for linear diffusion and further exploration. Alternatively, the results imply that when the protein chances upon the recognition sequence the dynamics of some of the key domains of the protein undergoes changes that serve as a prelude to eventual catalysis.
Concluding Remarks
Protein-DNA binding is a complex phenomenon brought about by a myriad of factors acting in unison. Experimental evidence has established that a protein generally diffuses linearly along the DNA before it chances upon the cognate sequence. Structural characterization of a protein bound to its cognate and to noncognate DNA sequences have revealed that the protein, in general, shows remarkably different conformation in the two cases. This leads one to suspect that the dynamics of the protein must also be different in the two cases. NMR studies have indeed indicated different dynamics in the protein depending on whether it is bound to the cognate or the noncognate DNA. However, most of these studies have been performed on noncognate sequences that are different at least by 6 basepairs. In this study, we asked if the dynamics of the protein would be sensitive to even the most minimal perturbation in the protein-DNA complex. Our study reveals that even such small perturbations can lead to altered dynamics of the protein. Thus, it is no surprise that regulatory proteins that undergo large structural changes upon DNA binding fail to achieve the required conformation when bound to the noncognate sequence. The difference in the DNA sequence is enough to alter the dynamics in the protein sufficient to make it unfit for the required function. The present study also implies that systematic investigation of the effects of mutations in a protein/ DNA complex on protein dynamics could shed light on the machinations behind protein/DNA recognition.
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